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(54) Ink jet printer and ink jet printing method 

(57) In the ink jet printer, a pressure generation 
chamber 1 1 is expanded in a stepped manner, which 
enables a high speed discharge of a very small ink 
droplet. Prior to the ink discharge, the pressure genera- 
tion chamber is contracted so as to enable a high-accu- 
racy gradation printing with a wide range of ink droplet 
- size. A control unit 20 generates: a first contraction sig- 
nal for contracting the pressure generation chamber 1 1 

FIG. 



without discharging any ink droplet 17; a first expansion 
signal for expanding the pressure generation chamber 
1 1 to discharge the ink droplet 1 7; and a second expan- 
sion signal to further expand the pressure generation 
chamber 11 so as to break off an ink column discharged 
from a nozzle 12 and pull an unnecessary portion of the 
ink back into the nozzle 1 2. 
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Description 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

[0001] The present invention relates to an ink jet 
printer and an ink jet type for printing by ink discharged 
from a nozzle by expanding and shrinking a pressure 
generation chamber filled with the ink by an electro- 
mechanic converter consisting of a piezoelectric ele- 
ment or the like. In particular, the present invention 
relates to an ink jet printer and an ink jet printing method 
in which the pressure chamber is expanded in a 
stepped manner so as to discharge fine ink droplets at 
a high speed, thus improving the image quality, and the 
pressure chamber is contracted prior to ink discharge 
so that a wide range of ink droplet size is discharged, 
realizing a highly accurate gradation printing. The 
present invention also improve the service life of the 
electro-mechanic converter such as a piezoelectric ele- 
ment. 

2. Description of the Related Art 

[0002] Conventionally, the ink jet printer has been 
used as a printing apparatus for recording on a record- 
ing paper a data from an electronic processing appara- 
tus such as a computer. 

[0003] The ink jet printer uses a piezoelectric ele- 
ment or other electro-mechanic converter to expand 
and contract a pressure generation chamber filled with 
ink so as to discharge the ink from a nozzle communi- 
cating with the pressure generation chamber for printing 
on a recording paper. Since the ink jet printer can be 
manufactured with a simple configuration of a small size 
at reasonable costs, it is widely used for business and 
private use at home. 

[0004] In general, a printer is required to have a 
high quality and high speed printing capability. Espe- 
cially with the recent spread of personal computers, a 
high speed and high density recording is strongly 
desired. 

[0005] For performing a high-density recording in 
the ink jet printer, it is necessary to reduce the ink drop- 
let size, for example, by reducing the diameter of the 
nozzle. 

[0006] However, a nozzle of a small diameter has 
difficulty in production as well as has a problem of clog- 
ging, deteriorating the r liability. Accordingly, reduction 
in the nozzle diameter has a limitation. 
[0007] To cope with this, it has been considered to 
reduce the ink droplet size by controlling the expansion 
and contraction speed of the pressure generation 
chamber. 

[0008] As is known, in the ink jet printer using a pie- 
zoelectric element as an actuator of the pressure gener- 
ation chamber, a drive voltage signal is applied to 



deform the piezoelectric element. The drive voltage sig- 
nal which has been used is a trapezoidal wave as 
shown in Fig. 14. 
* [0009] As shown in this figure, in a conventional ink 
5* jet printer, a drive voltage V1 is increased for time T1 
and applied for time T2. This deforms the piezoelectric 
element to push the wall of the pressure generation 
chamber. 

[0010] When the wall is pushed, the pressure gen- 
10 eration chamber is contracted to discharge the ink filled 
inside. 

[0011] When the drive current is decreased to V0 f 
the piezoelectric element returns to its previous form 
and the pressure generation chamber returns to its pre- 
15 vious volume, so that ink is filled from a common ink 
tank communicating with the pressure generation 
chamber. 

[0012] This contraction and expansion of the pres- 
sure generation chamber are repeated to discharge ink 
20 for printing a predetermined image or character on a 
printing paper. 

[0013] Accordingly, in order to obtain a smaller ink 
droplet in the ink jet printer using such a trapezoidal 
drive waveform signal, what can be done is to reduce 

25 the drive voltage V1 and the voltage application time T1 . 
[001 4] However, in order to set the voltage applica- 
tion time T1 to a smaller value, there arise various prob- 
lems such as current limit in a circuit, responsibility of 
the piezoelectric element, resonance, and the like. 

30 [0015] Moreover, if the drive voltage VI is set to a 
too small value, there arises a non-discharge region 
where the ink column is not broken. 
[0016] For this, if only the voltage application time 
T1 and the drive voltage V1 are simply reduced, the ink 

35 droplet diameter and the ink droplet speed are in a 
region "a" shown in Fig. 1 5. It is difficult to obtain a drop- 
let smaller than the nozzle diameter. 
[0017] It should be noted that Fig. 15 show as 
regions M a M to T as the maximum values of the inkdrop- 

40 let speed which can be obtained constantly when driven 
by various drive methods in the ink jet printer including 
the conventional technique and present invention which 
will be detailed later. 

[0018] Thus, in the ink jet printer, it is difficult to 
45 obtain a very small dropl et by reducing the drive voltage 
signal of the conventional trapezoidal waveform and 
reducing the voltage application time. 
[001 9] To cope with this, there has been suggested 
a method for modifying the pi zoelectric element drive 
so waveform signal to other than trapezoidal for discharg- 
ing an ink droplet. 

[0020] For example. Japanese Patent Publication 
A55-17589 [1] discloses a Pull-Push Method (so-called 
"hikiuchi" in Japanese), i.e.. starting an ink discharge at 
55 the moment when the ink meniscus is pulled into the 
nozzle. 

[0021 ] Fig. 1 6 shows a waveform of the drive signal 
of this pull-push drive method. Prior to contract the pres- 
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sure generation chamber to discharge an ink droplet, 
the pressure generation chamber is once expanded. 
This brings about two merits. 

[0022] Firstly, in this pull-push drive, the ink menis- * 
cus is pulled into the nozzle when discharge is started/ 
Accordingly, the ink column being discharged is formed 
more slender than the case of the conventional trape- 
zoidal waveform shown in Fig. 1 4. This enables to make 
smaller the ink droplet discharged. 
[0023] Moreover, in this drive method, even if the 
voltage is lowered before ink droplet discharge comple- 
tion so as to take back the ink (expansion of the pres- 
sure generation chamber), the ink droplet is broken off 
from the ink meniscus. Thus, it was possible to reduce 
the ink droplet size. 

[0024] Accordingly, when using the drive signal of 
Fig. 16, it is possible to obtain stable ink discharge even 
if the voltage application time T3 maintaining the con- 
tracted state of the pressure generation chamber at a 
smaller value than T2. 

[0025] Thus, by using the drive signal of Fig. 1 6, it is 
possible to obtain a smaller ink droplet when using the 
trapezoidal wave of Fig. 1 4 for drive. 
[0026] On the other hand, Japanese Patent Publi- 
cation A59-1 33067 [2] suggests a drive method for 
applying a voltage signal so as to pull back the ink into 
the nozzle before the ink droplet discharge is complete. 
[0027] As shown in Fig. 1 7, in this drive method, the 
drive signal is triangular, where the voltage application 
maintaining time T2 in the conventional drive signal is 
made zero, so that the ink column during ink discharge 
is broken earlier. 

[0028] This makes it possible to obtain a smaller 
size of ink droplet than when using the trapezoidal wave 
of Fig. 14 for drive. 

[0029] Furthermore, Japanese Patent Publication 
B4-36071 [3] suggests a drive method of rapid menis- 
cus pulling and maintaining the state to discharge a very 
small droplet. 

[0030] As shown in Fig. 1 8, in this drive method, the 
drive signal has a reversed trapezoidal waveform, 
wherein the contraction time T4 of the pressure genera- 
tion chamber is reduced and the bias voltage V2 is 
increased, so that a protrusion is formed at the center of 
the meniscus during a contraction maintaining time T5 
of the pressure generation chamber. 
[0031 ] This protrusion is broken off from the menis- 
cus and becomes an ink droplet. Thus, it is possible to 
obtain an ink droplet having a diameter smaller than the 
nozzle diameter. 

[0032] However, the aforementioned ink jet printers 
have a problem that it is impossible to obtain both of the 
ink droplet size reduction and an appropriate ink droplet 
speed. 

[0033] Firstly, in Fig. 16. by using the method dis- 
closed in Citation [1], it was possible to obtain an ink 
droplet size and ink droplet speed shown by region "b" 
in Fig. 15. In comparison to the region "a" of the drive 



method of Fig. 14, it was possible to obtain a smaller ink 
droplet size at the same speed. 
[0034] This is because the ink column formed is 
thinner than in the drive method of Fig. 14 and the force 
5 pulling the ink droplet toward the nozzle after discharge 
becomes smaller. 

[0035] However, in the drive method of Fig. 16, in 
order to further reduce the ink droplet size, it is neces- 
sary to reduce the voltage V3 to be applied. There 

10 arises the same problem as the case of the trapezoidal 
wave signal shown in Fig. 14, and it is difficult to dis- 
charge an ink droplet smaller than the nozzle diameter. 
[0036] Moreover, in the drive method of Citation [2], 
it was possible to obtain the ink droplet size and ink 

rs droplet speed indicated by region V in Fig. 1 5. 

[0037] In comparison to the region "a" of the drive 
method of Fig. 14, it is possible to discharge a smaller 
ink droplet 

[0038] However, in this method, the ink column at 
20 the initial stage of the ink discharge is formed by the 
same phenomenon of the drive method of Fig. 14. 
Accordingly, like in the case of simple trapezoidal wave, 
it is impossible to make the head of the ink column 
smaller than the nozzle diameter. Thus, it is impossible 
25 to discharge an ink droplet smaller than the nozzle 
diameter. 

[0039] Furthermore, in the drive method of Citation 
[3], it was possible to obtain the ink droplet size and ink 
droplet speed shown by region "d" in Fig. 15. 

30 [0040] In comparison to the region V of the drive 
method of Fig. 14, it is possible to discharge an ink 
droplet of sufficiently small size. 
[0041] However, in this method, it is impossible to 
obtain a sufficient ink droplet speed because the energy 

35 used for the ink droplet discharge is only the ink menis- 
cus restoration force and the ink inertia flow. 
[0042] That is. in this drive method, it is possible to 
obtain an almost sufficient result for the ink droplet size 
reduction, but it is impossible to obtain a sufficient ink 

40 droplet discharge speed. When the ink droptet dis- 
charge speed is not sufficient, the shooting range of the 
droplet may be shifted. As a result it is difficult to per- 
form a clear printing. 

[0043] Thus, the aforementioned drive methods of 
45 the ink jet printer can reduce the ink droplet size but this 
is accompanied by reduction in the ink droplet speed. 
As a result, it has been difficult to realize clear printing 
at a high speed with a very small ink droplet. 

so SUMMARY OF THE INVENTION 

[0044] It is therefore an object of the present inven- 
tion to provide an ink jet printer and ink jet printing 
method in which a pressure generation chamber is 
55 expanded in a stepped manner so as to discharge a fine 
ink droplet at a high speed, thus improving the image 
quality, and the pressure generation chamber is con- 
tracted prior to ink discharge so that a wide range of ink 
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droplet size can be discharged, enabling a highly accu- 
rate gradation printing as well as a prolonged service 
life of the electro-mechanic converter such as a piezoe- 
lectric element. 

[0045] The ink jet printer according to the invention 
comprises: a nozzle for discharging ink; a pressure gen- 
eration chamber communicating with the nozzle;a com- 
mon ink tank for supplying ink to the pressure 
generation chamber; an electro-mechanic converter 
connected to at least one wall of the pressure genera- 
tion chamber; and a control unit for applying a drive volt- 
age signal to the electro-mechanic converter; the 
electro-mechanic converter being deformed by a drive 
voltage signal from the control unit, so as to expand or 
contract the pressure generation chamber to discharge 
ink from the nozzle, and wherein the control unit gener- 
ates: a first expansion signal which deforms the electro- 
mechanic converter so as to expand the pressure gen- 
eration chamber and maintain the expanded state for a 
predetermined period of time, so that ink is discharged 
from the nozzle; and a second expansion signal, follow- 
ing the first expansion signal, which deforms the elec- 
tro-mechanic converter so as to further expand the 
pressure generation chamber, so that an ink column 
discharged from the nozzle is broken off at an early 
stage and an unnecessary portion of the ink is pulled 
back into the nozzle. 

[0046] In the ink jet printer having the aforemen- 
tioned configuration, the control unit generates a first 
expansion signal so as to expand the pressure genera- 
tion chamber via an electro-mechanic converter such as 
a piezoelectric element and the expanded state is main- 
tained, so that the ink meniscus is abruptly retrieved 
and vibrated so as to discharge the ink; and generates 
a second expansion signal so as to further expand the 
pressure generation chamber, so that an ink column is 
broken off and an unnecessary portion of the ink is 
pulled back into the nozzle. 

[0047] This enables to discharge an ink droplet hav- 
ing a diameter smaller than the nozzle diameter. In com- 
parison to the aforementioned conventional apparatus, 
the present invention enables to obtain a smaller droplet 
at a higher speed, thus improving the printing quality. 
[0048] Especially, the present invention expands 
the pressure generation chamber in a stepped manner 
to realize ink droplet discharge and break-off at an early 
state. In comparison to the apparatus of Citation [3], 
wherein expansion is performed in a single step, the 
present invention enables to discharge a smaller ink 
droplet. 

[0049] According to another aspect of the present 
invention, the control unit generates: a first contraction 
signal to deform the electro-mechanic converter so as 
to contract the pressure generation chamber without 
discharging ink from the nozzle; and a first expansion 
signal to deform the electro-mechanic converter so as 
to expand the pressure generation chamber and main- 
tain the expanded state for a predetermined period of 



time, so that ink is discharged from the nozzle. 
[0050] According to still another aspect of the 
present invention, the control unit generates: a first con- 
* traction signal to deform the electro-mechanic converter 

5 * so as to contract the pressure generation chamber with- 
out discharging ink from the nozzle; a first expansion 
signal to deform the electro-mechanic converter so as 
to expand the pressure generation chamber and main- 
tain the expanded state for a predetermined period of 

10 time, so that ink is discharged from the nozzle; and a 
second expansion signal, following the first expansion 
signal, so as to deform the electro-mechanic converter 
to further expand the pressure generation chamber, so 
that an ink column discharged from the nozzle is broken 

is off at an early stage and an unnecessary portion of the 
ink is pulled back into the nozzle. 
[0051] In the ink jet printer having the aforemen- 
tioned configuration, the control unit, before generating 
the first expansion signal to discharge ink, generates 

20 the first contraction signal for contracting the pressure 
generation changer to a degree not to discharge ink. 
[0052] This enables, when performing a gradation 
printing, to obtain a wide range of ink droplet size from 
a large to very small diameter at a high speed and to 

25 drive with a high repetition frequency. 

[0053] In general, when performing a gradation 
printing with a high repetition frequency, it is necessary 
to increase and decrease voltage according to a large, 
intermediate, and small droplet. Accordingly, bias volt- 

30 age applied in advance to the piezoelectric element is 
normally set at a high value and the drive waveform also 
has a high voltage. 

[0054] Use of such a high bias voltage and a high 
drive voltage increases a load on the piezoelectric ele- 

35 ment, and decrease the service life of the piezoelectric 
element. This is a disadvantage in the drive circuit cost. 
[0055] On the other hand, in order to perform a gra- 
dation printing with a low drive voltage, it is considered 
to use a drive waveform constituted by a lower portion 

40 than the bias voltage. 

[0056] In this case when the discharge timings of 
the large, intermediate, and small droplets are identical, 
the bias voltage should be decreased to a reference 
voltage for discharging a large droplet This requires a 

45 long period of time before the discharge timing. On the 
contrary, when discharging a small droplet, after the dis- 
charge, the voltage should increased to the bias voltage 
and a long period of time is required after the discharge 
timing. 

so [0057] Accordingly, one ink discharge cycle 
requires a long period of tim , which disables a high 
speed printing. 

[0058] According to the present invention, prior to 
the first expansion signal, the first contraction signal is 
55 generated to contract the pressure generation chamber 
to a degree not to discharge ink. This enables to obtain 
a large, intermediate, and small droplets at a high speed 
with a bias voltage and a drive voltage lower than in the 
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conventional apparatus. 

[0059] Reduction in the bias voltage and drive volt- 
age results in reduction in load to the piezoelectric ele- 
ment and the drive circuit, which is advantageous for the { 
cost. 

[0060] When the present invention is driven without 
lowering the bias voltage, it is possible to set a targe 
droplet at a value larger and a small droplet at a value 
smaller than in the conventional apparatus. This 
improves the gradation width, enabling printing with a 
higher accuracy. 

[0061] Furthermore, because the bias voltage can 
be set at a low value, it is possible to set one discharge 
cycle than the aforementioned case, thus enabling to 
significantly improve the repetition drive frequency. 
[0062] That is, according to the present invention, 
with a lower voltage than the conventional drive voltage, 
it is possible to drive the piezoelectric element within a 
shorter time. That is, it is possible to obtain a wider gra- 
dation drive at a high speed, enabling to perform a high- 
speed and a high-accuracy printing. Since the drive 
voltage can be low, it is also possible to improve the 
sen/ice life of the piezoelectric life. 
[0063] According to yet another aspect of the 
present invention, the control unit may generate a sec- 
ond contraction signal between the first expansion sig- 
nal and the second expansion signal, so as to deform 
the electro-mechanic converter to temporarily contract 
the pressure generation chamber, thus increasing 
speed of the ink droplet discharge from the nozzle. 
[0064] In the ink jet printer having the aforemen- 
tioned configuration, the control unit generates the sec- 
ond contraction signal after the first expansion signal, 
- so as to temporarily contract the pressure generating 
chamber. 

[0065] This pushes in the discharge direction the 
ink meniscus which is being discharged. Accordingly, 
the ink discharge speed is further increased. Thus, it is 
possible to discharge a small droplet at a high speed 
with a high resolution, thus improving the printing qual- 
ity. 

[0066] Here, the second contraction signal may be 
followed by the second expansion signal immediate 
after, or after maintaining for a certain time the pressure 
generation chamber in the contracted state. 
[0067] According to still yet another aspect of the 
present invention, the control unit may generate a third 
contraction signal following the second expansion sig- 
nal, so as to deform the electro-mechanic converter to 
contract the pressure generation chamber, so that 
residual vibration of the ink meniscus in the nozzle is 
suppressed. 

[0068] In the ink jet printer having the aforemen- 
tioned configuration, the control unit generates the third 
contraction signal after the second expansion signal, so 
as to contract the pressure generating chamber. 
[0069] Thus, the residual vibration of the meniscus 
after an ink droplet discharge can be suppressed at an 



early stage and accordingly, it is possible to perform 
drive with a high repetition frequency, enabling to per- 
form printing with a smaller droplet at a high speed and 
a high resolution. Thus, the printing quality is signrfi- 
5 cantly improved. 

[0070] The ink jet printing method according to the 
present invention uses an ink jet printer comprising a 
nozzle for discharging ink; a pressure generation cham- 
ber communicating with the nozzle; a common ink tank 
10 for supplying ink to the pressure generation chamber; 
an electro-mechanic converter connected to at least 
one wall of the pressure generation chamber; and a 
control unit for applying a drive voltage signal to the 
electro-mechanic converter; the electro-mechanic con- 
15 verier being deformed by a drive voltage signal from the 
control unit, so as to expand or contract the pressure 
generation chamber, so that ink is discharged from the 
nozzle, the method comprising: a first expansion step in 
which the electro-mechanic converter is deformed by a 
20 signal from the control unit to expand the pressure gen- 
eration chamber and maintain the expanded state for a 
predetermined period of time, so that ink is discharged 
from the nozzle; and a second expansion step following 
the first expansion step, wherein the electro-mechanic 
25 converter is deformed by a signal from the control unit to 
further expand the pressure generation chamber, so as 
to break off an ink column to be discharged from the 
nozzle at an early stage and pull an unnecessary por- 
tion of ink back into the nozzle. 
30 [0071] According to another aspect of the present 
invention, the method may comprise: a first contraction 
step in which the electro-mechanic converter is 
deformed by a signal from the control unit to contract 
the pressure generation chamber without discharging 
35 any ink from the nozzle, and a first expansion step fol- 
lowing the first contraction step, wherein the electro- 
mechanic converter is deformed by a signal from the 
control unit to expand the pressure generation chamber 
and maintain the expanded state for a predetermined 
40 period of time, so as to discharge ink from the nozzle. 
[0072] According to still another aspect of the 
present invention, the method may comprise: a first con- 
traction step in which the electro-mechanic converter is 
deformed by a signal from the control unit to contract 
45 the pressure generation chamber without discharging 
any ink from the nozzle; a first expansion step following 
the first contraction step, wherein the electro-mechanic 
converter is deformed by a signal from the control unit to 
expand the pressur generation chamber and maintain 
so the expanded state for a predetermined period of time, 
so as to discharge ink from the nozzle; and a second 
expansion step following the first expansion step, 
wherein the electro-mechanic converter is deformed by 
a signal from the control unit to further expand the pres- 
55 sure generation chamber, so as to break off the ink col- 
umn to be discharged from the nozzle at an early stage 
and pull an unnecessary portion of the ink back into the 
nozzle. < 
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[0073] According to yet another aspect of the inven- 
tion, the method may further comprise a second con- 
traction step between the first expansion step and the 
second expansion step, wherein the electro-mechanic ♦ 
converter is deformed to temporarily contract the pres- 5 * 
sure generation chamber so as to increase speed of an 
ink droplet to be discharged from the nozzle. 
[0074] According to still yet another aspect of the 
present invention, the method may further comprise a 
third contraction step following the second expansion 10 
step, wherein the electro-mechanic converter is 
deformed by a signal from the control unit to contract 
the pressure generation chamber so as to suppress 
residual vibration of the ink meniscus in the nozzle. 

15 

BRIEF DESCRIPTION OF THE DRAWINGS 



to the present invention, excluding the fourth 
embodiment. 

Fig. 13 shows a drive waveform when gradation 
printing is performed by the ink jet printer according 
to the fourth embodiment of the present invention. 
Fig. 14 is a graph showing a drive waveform of a 
conventional ink jet printer. 
Fig. 15 shows regions of ink droplet diameter and 
ink droplet speed obtained by different drive meth- 
ods of the ink jet printer. 

Fig. 16 is a graph showing a drive waveform of 

another conventional ink jet printer. 

Fig. 17 is a graph showing a drive waveform of still 

another conventional ink jet printer. 

Fig. 18 is a graph showing a drive waveform of yet 

another conventional ink jet printer. 



[0075] 

Fig. 1 is a cross sectional view of an essential por- 20 
tion of a printing head of an ink jet printer according 
to the present invention. 

Fig. 2 is a block diagram showing a control unit of 
an ink jet printer according to a first embodiment of 
the present invention. 25 
Fig. 3 is a graph showing a drive waveform of the 
ink jet printer according to the first embodiment of 
the present invention. 

Fig. 4 explains an ink meniscus of the ink jet printer 
according to the first embodiment of the present so 
invention. 

Rg. 5 is a graph showing a drive waveform of an ink 
jet printer according to a second embodiment of the 
present invention. 

Rg. 6 explains an ink meniscus of the ink jet printer 35 
according to the second embodiment of the present 
invention. 

Rg. 7 is a graph showing a drive waveform of an ink 
jet printer according to a third embodiment of the 
present invention. 40 
Rg. 8 explains an ink meniscus of the ink jet printer 
according to the third embodiment of the present 
invention. 

Rg. 9 is a graph showing a drive waveform of an ink 
jet printer according to a fourth embodiment of the 45 
present invention. 

Rg. 10 explains an ink meniscus of the ink jet 
printer according to the fourth embodiment of the 
present invention. 

Rg. 1 1 shows a drive waveform when gradation so 
printing is performed by the ink jet printer according 
to the present invention: Fig. 11 A is a graph 
obtained by using the apparatuses of other than the 
fourth embodiment; and Fig. 11 B is a graph 
obtained by the apparatus according to the fourth 55 
embodiment. 

Rg. 12 shows a drive waveform when gradation 
printing is performed by the ink jet printer according 



DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

[0076] Hereinafter, explanation will be given on a 
ink jet printer and ink jet printing method according to 
embodiments of the present invention with reference to 
the attached drawings. 

[Embodiment 1] 

[0077] Firstly explanation will be given on an ink jet 
printer and ink jet printing method according to a first 
embodiment with reference to Rg. 1 to Rg..4 and Fig. 
15. 

[0078] Fig. 1 is a cross sectional view of an essen- 
tial portion of a printing head of the ink jet printer of the 
present invention. 

[0079] Fig. 2 is a block diagram showing a control 
unit of the ink jet printer according to a first embodiment. 
[0080] Fig. 3 is a graph showing a drive waveform of 
the ink jet printer according to the first embodiment 
[0081 ] Fig. 4 explains an ink meniscus of the ink jet 
printer according to the first embodiment. 
[0082] Moreover, Fig. 15, as has been described 
above, explains the ink droplet size and ink droplet 
speed obtained in Inkjet printers. 
[0083] As shown in Fig. 1 , the ink jet printer accord- 
ing to the first embodiment includes: a nozzle 12 for dis- 
charging ink; a pressure generation chamber 11 
communicating with this nozzle 12; and a common ink 
tank 14 for supplying ink via an ink supply passage 13 
to the pr ssure generation chamber 1 1 . The common 
ink tank 14, the pressure generation chamber 11, and 
the nozzle 12 are filled with ink 
[0084] The pressure generation chamber 1 1 has a 
wall constituted by a diaphragm 16, which is connected 
to a piezoelectric actuator (piezoelectric element) 15 
serving as an electro-mechanic converter for the dia- 
phragm 16. 

[0085] It should be noted that although not 
depicted, there are a plurality of nozzles 12 and pres- 
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sure generation chambers 1 1 , each of which is provided 
with a diaphragm 16 and a piezoelectric actuator 15. 
[0086] The piezoelectric* actuator 1 5 is connected to 
a control unit 20, so that a drive voltage signal is applied * 
from the control unit. s 
[0087] Explanation will be given on the control unit 
20 according to the present embodiment with reference 
to Fig. 2. 

[0088] Fig. 2 is a block diagram of the control unit 
20 of the present embodiment. to 
[0089] As shown here, the control unit 20 includes: 
a CPU 21 for controlling components of the control unit 
20; a ROM 22 containing a routine or the like for various 
data processing; a RAM 23 for storing various data 
items; an interface 24 for receiving a printing data from 75 
a computer (not depicted); and drive waveform genera- 
tion circuit 25 (25a, 25b, 25c) for generating a drive 
waveform signal to the piezoelectric actuator 15. These 
components are connected to one another through a 
bus 20a. so 
[0090] The drive waveform generation circuit 25 
includes a large droplet drive waveform generation cir- 
cuit 25a, an intermediate droplet drive waveform gener- 
ation circuit 25b, and a small droplet drive waveform 
generation circuit 25c for performing gradation printing 25 
which will be detailed later. 

[0091] Drive waveform signals from these drive 
waveform generation circuits 25a. 25b. and 25c are out- 
put via a switch circuit 28 to the piezoelectric actuator 

15. 30 

[0092] Here, a plurality of piezoelectric actuators 
15-1 , 15-2, ... 15-n are arranged corresponding to a plu- 
rality of nozzles (not depicted). 
[0093] Moreover, the switch circuit 28 for outputting 
a signal to the plurality of piezoelectric actuators 35 
includes three switch circuits 28-1a, 28-1b, 28-1c, 28- 
2a. 28-2b, 28-2c,... 28-na, 28-nb, 28-nc corresponding 
to the three drive waveform generation circuits 25a, 25b. 
and 25c for each of the piezoelectric actuators 15-1,15- 
2, and 15-n. 40 
[0094] Moreover, the control unit 20 includes a data 
transmission circuit 26 and a data reception circuit 27. 
[0095] The data transmission circuit 26 converts a 
parallel printing data supplied via the bus 20a from the 
interface 24 and the CPU 21 , into a serial printing data 45 
and transmits the converted data to the data reception 
circuit 27. 

[0096] The data reception circuit 27 decodes the 
serial printing data from the data transmission circuit 26, 
so as to control the switch circuits 28. so 
[0097] According to the drive piezoelectric signal 
from the control unit 20 having the aforementioned con- 
figuration, each of the piezoelectric actuators 15 is 
deformed to push or release the diaphragm 16 to 
expand or contract the pressure generation chamber ss 
1 1 , so that an ink droplet 1 7 is discharged from the noz- 
zle 12. 

[0098] In general, in a conventional ink jet printer, 



regardless of the ink droplet size, the aforementioned 
drive signal as shown in Fig. 14 is applied to the piezo- 
electric actuator 1 5. so that the piezoelectric actuator 1 5 
pushes the diaphragm 1 6 so as to contract the pressure 
generation chamber 11 to discharge an ink droplet 17 
from the nozzle 12. 

[0099] On the other hand, in the ink jet printer of the 
present embodiment, the drive signal is modified 
according to the size of the ink droplet to be discharged. 
When a smaller ink droplet is required, the pressure 
generation chamber 1 1 is expanded by a drive signal 
from the control unit and the expanded state is main- 
tained while the ink droplet 17 is discharged from the 
nozzle 12. 

[0100] That is, the control unit 20 of the present 
embodiment generates a first expansion signal for dis- 
charging the ink from the nozzle 12 by deforming the 
piezoelectric actuator 15 to expand the pressure gener- 
ation chamber 1 1 and maintaining the expanded state 
for a predetermined period of time; and a second 
expansion signal to further deform the piezoelectric 
actuator 15 to further expand the pressure generation 
chamber 1 1 from the first expanded state, so that an ink 
column discharging the nozzle 12 is broken earlier so as 
to be discharged from the nozzle 12 and simultaneously 
with this an unnecessary portion of the ink is pulled 
back into the nozzle 12. 

[01 01 ] Fig. 3 shows a drive waveform applied to the 
piezoelectric actuator 15 from the control unit 20 
according to the present embodiment. 
[0102] Voltage V1 and V4 are bias voltage applied 
during a repeated discharge or prior to discharge. 
[0103] The bias voltage V1 and V4 are set to be 
V1 = V4 . 

[0104] Thus, the waveform shown in Fig. 3 is 

smoothly repeated as one cycle. 

[0105] Voltage V2 is a first expansion signal for 

expanding the pressure generation chamber abruptly 

enough to discharge an ink droplet from the nozzle 12 

and maintaining the expansion. The voltage V1 is 

dropped to voltage V2 for a period of time T1 , and this 

state is maintained for a period of time T2. 

[0106] This voltage V2 is applied for time T1 and 

T2, which vibrates the ink meniscus. 

[0107] Here, the time T1 and T2 are determined by 

a natural period of an ink jet head flow system. In this 

embodiment, T1 and T2 are set as follows: 

T1 + T2 o 1/2 natural period. 

[01 08] This enables to obtain the maximum effect of 
the Helmhortz resonance, enabling to discharge an ink 
droplet at a high speed. 

[0109] The voltage V2 is followed by voltage V3 
which is a second expansion signal for abruptly expand- 
ing and maintaining the pressure generation chamber 
for pulling back an unnecessary portion of ink into the 
nozzle 1 2. The voltage V2 is dropped to voltage V3 for a 
time T3. 

[01 1 0] This voltage V3 is applied for time T3, which 
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[0135] Referring to Fig. 5, explanation wil! be given 
on the drive waveform applied to the piezoelectric actu- 
ator 15 from the control unit 20 of the present embodi- 
ment. * 
[0136] Voltage V1 and V5 are bias voltages during 5 
a repeated discharge or prior to discharge. 
[0137] These bias voltages are in the relationship 
V1 = V5 . 

[0138] The waveform shown in Fig. 5 constitutes 
one cycle which is repeated smoothly. 10 
[0139] Voltage V2 is a first expansion signal to 
expand the pressure generation chamber abruptly 
enough to discharge an ink droplet from the nozzle 12. 
Voltage V1 decreased to V2 for a time T1 and the state 
is maintained for time T2. is 
[0140] The voltage V2 is applied for time T1 and T2, 
and the ink meniscus is agitated. 
[0141] The time T1 and T2 are determined by the 
natural frequency of the flow path of the ink jet head. In 
this embodiment T1 and T2 are set as follows: 20 
T1 + T2 = 1/2 natural frequency. 
[01 42] This enables to obtain the maximum effect of 
the Helmhortz resonance and discharge an ink droplet 
at a high speed. 

[0143] The voltage V2 is followed by voltage V3, 25 
which is a second contraction signal for temporarily con- 
tracting the pressure generation chamber. The voltage 
is increased from voltage V2 to voltage V3 for time T3. 
[0144] When the voltage V3 is applied, the ink 
meniscus being discharged is pushed to the discharge 30 
direction. This further increases the ink droplet dis- 
charge speed. 

[0145] It should be noted that the time T3 is prefer- 
ably set as short as possible. Considering the piezoe- 
lectric element reliability and the drive circuit electric 35 
problems, the time T3 is preferably set to several micro- 
seconds. 

[0146] The voltage V3 is followed by voltage V4, 
which is a second expansion signal to abruptly expand 
the pressure generation chamber to pull an unneces- 40 
sary portion of ink back into the nozzle 12. The voltage 
V3 is decreased to voltage V4 for time T4. 
[0147] This voltage V4 is applied for time T4, which 
promotes early break off of the ink column during ink 
discharge, enabling to obtain a further smaller droplet. 45 
[0148] Here, in order to obtain a very small droplet, 
it is preferable to set the time T4 to a short time so as 
not to involve a air bubble, and to set the voltage V4 
smaller than V2: V2>V4. 

[0149] rt is worth noting that in th present embodi- so 
ment, Fig. 5 shows a case that the pressure chamber is 
contracted by the second contraction signal, and imme- 
diately after this, the second expansion signal is gener- 
ated. However, it is also possible to generate the second 
expansion signal after maintaining the contracted state 55 
of the pressure generation signal by the second con- 
traction signal in a range that it is possible to obtain an 
effect to reduce the droplet size by the second expan- 



sion signal. 

[0150] After an ink droplet is discharged, the volt- 
age V5 returns the system to a state prior to printing 
operation start. After the state of voltage V4 is main- 
tained for T5, the voltage is increased to bias voltage V5 
for time T6. 

[01 51 ] The aforementioned signal waveform consti- 
tutes one cycle, which is repeatedly driven and the ink is 
discharged from the nozzle 12 and an image or charac- 
ter is printed on a sheet of paper (not depicted). 
[0152] Description will now be directed to printing 
operation using the ink jet printer having the aforemen- 
tioned configuration according to the present embodi- 
ment with reference to Fig.5 and Fig.6. 
[0153] Firstly, before starting printing, the control 
unit 20 applies a bias voltage V1 to the piezoelectric 
actuator 15. 

[0154] In this condition, the ink meniscus is flat as 
shown in Fig. 6A. 

[0155] Next, the control unit 20 generates a first 
expansion signal. In the piezoelectric actuator 15, volt- 
age V1 is decreased to voltage V2 for time T1 and this 
state is maintained for time T2. 
[0156] Thus, the pressure generation chamber 11 
is abruptly expanded so as to discharge an ink droplet 
from the nozzle 12, and this state is maintained. Accord- 
ingly, the ink meniscus is agitated as shown in Fig. 6B. 
[01 57] This first expansion signal is followed by the 
second contraction signal. In the piezoelectric actuator 
15, voltage V2 is increased to voltage V3 for time T3. 
[01 58] This temporarily contracts the pressure gen- 
eration chamber 1 1 and as shown in Fig. 6C, the menis- 
cus discharging an ink droplet is pushed in the 
discharge direction. Thus, the ink droplet discharge 
speed is further increased. 

[01 59] This second contraction signal is fol lowed by 
the second expansion signal, so that in the piezoelectric 
actuator, voltage V3 is decreased to voltage V4 for time 
T4. 

[0160] This abruptly expands the pressure genera- 
tion chamber 1 1 so as to pull back into the nozzle 12 an 
unnecessary portion of the ink from the ink droplet. As 
shown in Fig. 6D, the early break off of the ink column is 
promoted during discharge and a very small droplet is 
discharged. 

[0161] After the ink droplet is discharged, the volt- 
age V4 state is maintained for time T5, and then the 
voltage is increased to bias voltage V5 for time T6. 
[0162] The meniscus vibration is gradually settled 
as shown in Fig. 6E returns to the state of Fig. 6F before 
a printing operation. 

[0163] The aforementioned signal waveform consti- 
tutes one cycle, which is repeatedly driven, and the ink 
is discharged from the nozzle 12 to print a character or 
image on a sheet of paper. 

[01 64] Here, the voltage V5 is set equal to the bias 
voltage V1 . That is, the system returns to a state before 
generation of the first expansion signal. Accordingly, the 
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drive is repeated smoothly. 

[0165] As has been explained above, in the ink jet 
printer and the ink jet printing method according to the 
second embodiment, the control unit 20, after the first 
expansion signal, generates the second contraction sig- 
nal so as to temporarily contract the pressure genera- 
tion chamber 11. 

[01 66] This pushes the meniscus which is discharg- 
ing an ink droplet and the ink droplet discharge speed is 
further increased, enabling to obtain an ink droplet 
diameter and an ink droplet speed in a range T in Fig. 
15. That is, the present embodiment enables to dis- 
charge a small ink droplet at a high speed, which in turn 
enables a printing of a high resolution, further improving 
the printing quality. 

[Example 2] 

[01 67] Using the ink jet printer according to the sec- 
ond embodiment of the present invention, we performed 
a discharge experiment by setting T1 = 2 microseconds, 
T2 = 4 microseconds, T3 = 1 microsecond, T4 = 1 
microsecond, T5 = 20 microseconds, T6 = 60 microsec- 
onds; and V1 = V5 = 30V , V2 = 10V, V3 = 20V, and V4 
= OV. It has been assured that an ink droplet having a 
diameter of 10 micrometers is discharged at a speed of 
5 m/s by 3 KHz repetition frequency. 
[0168] If this is compared to Example 1. the ink 
droplet speed can be increased twice or more. Thus, 
the present embodiment is more advantageous for 
obtaining a droplet speed than the drive waveform of 
Example 1. 

[Embodiments] 

[0169] Description will now be directed to an ink jet 
printer and ink jet printing method according to a third 
embodiment with reference to Fig. 7 and Fig. 8. 
[01 70] Fig. 7 is a graph showing a drive waveform of 
the ink jet printer according to the third embodiment of 
the present invention. 

[0171] Fig. 8 explains the ink meniscus in the ink jet 
printer of the third embodiment. 
[0172] As shown in Fig. 7, in this embodiment, the 
control unit 20, after generating the second expansion 
signal, generates a third contraction signal so as to 
deform the piezoelectric actuator 15 to contract the 
pr ssure generation chamber 1 1 , thus suppressing a 
residual vibration of the ink meniscus in the nozzle 12. 
[0173] The other portion of the printer components 
and the drive method is identical as in the first embodi- 
ment. 

[0174] Referring to Fig. 7, explanation will be given 
on the drive waveform applied to the piezoelectric actu- 
ator 15 by the control unit 20 of the present embodi- 
ment. 

[0175] Voltage V1 and V6 are a bias voltage preset 
beforehand or during a discharge. 



[0176] The bias voltages V1 and V6 are set equal: 
V1 = V6 . 

[0177] The waveform shown in Fig. 7 constitutes 
* one cycle which is repeated smoothly. 
5 * [0178] Voltage V2 is a first expansion signal to 

expand the pressure generation chamber abruptly 

enough to discharge an ink droplet from the nozzle 12. 

Voltage V1 decreased to V2 for a time T1 and the state 

is maintained for time T2. 
10 [01 79] The voltage V2 is applied for time T1 and T2, 

and the ink meniscus is agitated. 

[0180] Here, the time T1 and T2 are determined by 

the natural frequency of the flow path of the ink jet head. 

In this embodiment T1 and T2 are set as follows: 
is T1 + T2 = 1/2 natural frequency. 

[01 81 ] This enabl es to obtain the maximum effect of 

the Helmhortz resonance and a high-speed discharge 

of an ink droplet. 

[0182] Voltage V2 is followed by voltage V3, which 
20 is a second contraction signal for temporarily contract- 
ing and maintaining the pressure generation chamber 
for increasing the ink droplet discharge speed. The volt- 
age V2 is increased to voltage V3 for a time T3. 
[0183] This voltage V3 is applied for time T3, which 
25 pushes the meniscus in the discharge direction, further 
increasing the ink droplet discharge speed. 
[0184] It should be noted that the time T3 is prefer- 
ably as short as possible. Considering the piezoelectric 
reliability and electric problems of the drive circuit, the 
30 time T3 is preferably set in the.order of several micro- 
seconds. 

[0185] Voltage V3 is followed by voltage V4, which 
is a second expansion signal for abruptly expanding the 
pressure generation chamber so as to pull back into the 
35 nozzle 12 an unnecessary portion of ink from the dis- 
charge ink droplet. Voltage V3 is decreased to voltage 
V4 for time T4. 

[0186] This voltage V4 applied for time T4 promotes 
early break off of the ink column during the ink dis- 

40 charge, enabling to discharge a further smaller droplet. 
[01 87] Here, in order to obtain a very small droplet, 
the time T4 is preferably set small enough not to involve 
an air bubble. It is preferable that V2 > V4. 
[0188] The voltage V4 is followed by voltage V5, 

45 which is a third contraction signal for contracting the 
pressure generation chamber after the second expan- 
sion signal. The voltage V4 state is maintained for time 
T5 and the voltage is increased up to voltage V5 for time 
T6. 

so [0189] Thisvoltag V5 is applied for time T6, which 
suppresses residual vibration of the meniscus after a 
droplet discharge. Accordingly, it is possible to drive 
with a high repetition frequency 
[0190] Here, the time T5 is preferably set to satisfy 

55 the equation T3+T4 + T5=1/2 natural frequency. 
Time T6 and voltage V5 are preferably set as follows. 
The time T6 is set as small as possible within a range 
preventing the ink discharge from the nozzle 12 
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whereas the voltage V5 is set as large as possible. 
Thus, it is possible to obtain the maximum effect. 
[0191 ] Voltage V6, after discharge of an ink droplet 
is complete, returns the system to a state prior to print- * 
ing operation start. The voltage is increased to V6 for 
time T7. 

[01 92] The aforementioned signal waveform consti- 
tutes one cycle, which is repeatedly driven, so that ink is 
discharged from the nozzle 12 to print a character or 
image on a sheet of paper. 

[01 93] Description will now be directed to operation 
of the printing method using the ink jet printer according 
to the present embodiment with reference to Fig. 7 and 
Fig. 8. 

[0194] Firstly, before starting printing, the control 
unit 20 applies a bias voltage V1 to the piezoelectric 
actuator 15. 

[0195] In this condition, the ink meniscus is flat as 
shown in Fig. 8A. 

[0196] Next, the control unit 20 generates a first 
expansion signal. In the piezoelectric actuator 15, volt- 
age V1 is decreased to voltage V2 for time T1 and this 
state is maintained for time T2. 
[0197] Thus, the pressure generation chamber 11 
is abruptly expanded so as to discharge an ink droplet 
from the nozzle 1 2, and this state is maintained. Accord- 
ingly, the ink meniscus is agitated as shown in Fig. 8B. 
[0198] This first expansion signal is followed by the 
second contraction signal. In the piezoelectric actuator 
1 5, voltage V2 is increased to voltage V3 for time T3. . 
[0199] This temporarily contracts the pressure gen- 
eration chamber 1 1 and as shown in Fig. 8C, the menis- 
cus discharging an ink droplet is pushed in the 
discharge direction. Thus, the ink droplet discharge 
speed is further increased. 

[0200] This second contraction signal is followed by 
the second expansion signal, so that in the piezoelectric 
actuator 15, voltage V3 is decreased to voltage V4 for 
time T4. 

[0201] This abruptly expands the pressure genera- 
tion chamber 11 so as to pull back an unnecessary por- 
tion of the ink from the ink droplet. As shown in Fig. 8D, 
the early break off of the ink column is promoted during 
discharge and a very small droplet is discharged. 
[0202] This second expansion signal is followed by 
a third contraction signal. In the piezoelectric actuator, 
the voltage V4 state is maintained for time T5 and then 
increased to voltage V5 for time T6. 
[0203] Thus, as shown in Fig. 8E, the pressure gen- 
eration chamber 1 1 suppresses the residual vibration of 
the meniscus after ink discharge. 
[0204] After this, voltage is increased to bias volt- 
age V6 for time T7. 

[0205] This settles down the meniscus vibration as 
shown in Fig. 8F and the system returns to the state of 
Fig. 8G, i.e., the state before starting a printing opera- 
tion. 

[0206] The aforementioned signal waveform consti- 



tutes one cycle, which is repeatedly driven, and the ink 
is discharged from the nozzle 12 to print a character or 
image on a sheet of paper. 

[0207] Here, the voltage V6 is set equal to the bias 
5 voltage V1 . That is, the system returns to a state before 
generation of the first expansion signal. Accordingly, the 
drive is repeated smoothly. 

[0208] As has been explained above, in ink jet 
printer and ink jet printing method according to the third 
w embodiment, the control unit 20, after the second 
expansion signal, generates the third contraction signal 
so as to temporarily contract the pressure generation 
chamber 1 1 . 

[0209] This suppresses residual vibration of the 
75 meniscus at an early stage, facilitating a high-repetition 
frequency drive, enabling to obtain a small ink droplet 
diameter and a high ink droplet speed. That is, the 
present embodiment enables a printing of a high resolu- 
tion, further improving the printing quality. 

20 

[Example 3] 

[0210] Using the ink jet printer according to the third 
embodiment of the present invention, we performed a 

25 discharge experiment by setting T1 = 2 microseconds, 
T2 = 4 microseconds. T3 = 1 microsecond, T4 = 1 
microsecond. T5 = 2 microseconds, T6 = 2 microsec- 
onds. T7 = 40 microseconds; and V1 = V6 = 30V , V2 = 
10V, V3 = 20V, V4 = 0V, and V5 = 10V. It has been 

30 assured. that an ink droplet having a. diameter of 10 
micrometers is discharged at a speed of 5 m/s with 5 
KHz repetition frequency. 

[0211] If this is compared to Example 2, repetition 
frequency can be almost doubled. Thus, the present 
35 embodiment is more advantageous for obtaining a small 
droplet with a higher repetition frequency than the drive 
waveform of Example 2. 

[Embodiment 4] 

40 

[0212] Description will now be directed to an ink jet 
printer and ink jet printing method according to a fourth 
embodiment with reference to Fig. 9 to Fig. 13. 
[021 3] Fig. 9 is a graph showing a drive waveform of 
45 the ink jet printer according to the fourth embodiment of 
the present invention. 

[0214] Fig. 10 explains the ink meniscus in the ink 
jet printer of the fourth embodiment. 
[0215] Fig. 11 shows a drive waveform when per- 
se forming a gradation printing using the ink jet printer of 
the present invention. Fig. 11A shows a case using 
other than the present embodiment, and Fig. 11B 
shows a case using the present embodiment. 
[0216] Fig. 12 and Fig. 13 are graphs showing a 
55 drive waveform when performing a gradation printing 
using the ink jet printer according to the present embod- 
iment. Fig. 12 shows a case using embodiments other 
than the fourth embodiment, and fig. 13 shows a case 
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using the fourth embodiment. 
[0217] As shown in Fig. 9, in this embodiment, the 
control unit 20, prior to generating the first expansion 
signal, generates a first contraction signal so as to * 
deform the piezoelectric actuator 15 to contract the s 
pressure generation chamber 1 1 . 
[0218] The other portion of the printer components 
and the drive method is identical as in the first embodi- 
ment. 

[0219] Referring to Fig. 9, explanation will be given w 
on the drive waveform applied to the piezoelectric actu- 
ator 15 by the control unit 20 of the present embodi- 
ment. 

[0220] Voltage V1 and V6 are a bias voltage applied 
beforehand or during a discharge. is 
[0221] The bias voltages V1 and V6 are set equal: 
V1 = V6 . 

[0222] The waveform shown in Fig. 9 constitutes 
one cycle which is repeated smoothly. 
[0223] Voltage V2 is a first contraction signal to con- 20 
tract the pressure generation chamber 11 in such a 
manner that no ink is discharged from the nozzle 12. 
Voltage V1 increased to V2 for a time T1 and this state 
is maintained for time T2. 

[0224] Thus, by increasing the voltage to V2 for 2s 
time T1 and T2, a very small ink droplet can be dis- 
charged by a low bias voltage V1. As will be detailed 
later, this also increases the service life of the piezoe- 
lectric actuator 15, assures a wide gradation printing 
with a large droplet to a very small droplet and enables 30 
repeated drive at a high speed. 
[0225] The voltage V3 is a first expansion signal for 
abruptly expanding the pressure generation chamber 
so as to discharge an ink droplet from the nozzle 12. 
Voltage is decreased from V2 to V3 for time T3 and this 35 
state is maintained for time T4. 
[0226] The voltage V3 is applied for time T3 and T4 
so as to agitate the ink meniscus. 
[0227] Here, the time T3 and T4 are determined by 
the natural frequency of the flow path of the ink jet head. 40 
In this embodiment T3 and T4 are set as follows: 
T3 + T4 = 1/2 natural frequency. 
[0228] This enables to obtain the maximum effect of 
the Hetmhortz resonance and a high-speed discharge 
of an ink droplet. 4S 
[0229] Voltage V3 is followed by voltage V4, which 
is a second contraction signal for temporarily contract- 
ing the pressure generation chamber for increasing the 
ink droplet discharge speed. The voltage is increased 
from V3 to voltage V4 fa time T5. so 
[0230] This voltage V4 is applied for time T3. which 
pushes the meniscus in the discharge direction, further 
increasing the ink droplet discharge speed. 
[0231] tt should be noted that the time T5 is prefer- 
ably as short as possible. Considering the piezoelectric ss 
reliability and electric problems of the drive circuit, the 
time T5 is preferably set in the order of several micro- 
seconds. 
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[0232] Voltage V4 is followed by voltage V5, which 
is a second expansion signal for abruptly expanding the 
pressure generation chamber so as to pull back into the 
nozzle 12 an unnecessary portion of ink from the dis- 
charge ink droplet. Voltage is decreased from V4 to volt- 
age V5 for time T6. 

[0233] This voltage V5 applied for time T6 promotes 
early break off of the ink column during the ink dis- 
charge, enabling to discharge a further smaller droplet. 
[0234] Here, in order to obtain a very small droplet, 
the time T6 is preferably set small enough not to involve 
an air bubble. It is preferable that V3 > V5. 
[0235] The voltage V5 is followed by voltage V6, 
which is a third contraction signal for contracting the 
pressure generation chamber 11 after the second 
expansion signal. The voltage V5 state is maintained for 
time T7 and the voltage is increased up to voltage V6 for 
time T8. 

[0236] This voltage V6 is applied for time T8, which 
suppresses residual vibration of the meniscus after a 
droplet discharge. Accordingly, it is possible to drive 
with a high repetition frequency. 
[02371 Moreover, after the ink droplet discharge, the 
voltage V6 returns the system to the state before start- 
ing a printing operation. Thus, voltage V5 is increased 
to voltage V6. 

[0238] The aforementioned signal waveform consti- 
tutes one cycle, and this cycle is repeatedly driven, so 
that ink is discharged from the nozzle 12 for printing on 
a sheet of paper. . 

[0239] Here, the time T7 is preferably set to satisfy 
the equation T5 + T6 + T7 = 1/2 natural frequency. 
Time T8 and voltage V6 are preferably set as follows. 
The time T8 is set as small as possible within a range 
preventing ink discharge, whereas the voltage V6 is set 
as large as possible. Thus, it is possible to obtain the 
maximum effect. 

[0240] Description will now be directed to operation 
of the printing method using the ink jet printer according 
to the present embodiment with reference to Fig. 9 and 
Fig. 10. 

[0241] Firstly, before starting printing, the control 
unit 20 applies a bias voltage V1 to the piezoelectric 
actuator 15. 

[0242] In this condition, the ink meniscus is flat as 
shown in Fig. 10A. 

[0243] Next, the control unit 20 generates a first 
contraction signal. In the piezoelectric actuator 15, volt- 
ag V1 is increased to voltage V2 for time T1 and this 
state is maintained for time T2. 
[0244] Thus, the pressure generation chamber 11 
is contracted in such a manner that no ink is discharged 
from the nozzle 12. 

[0245] This first contraction signal is followed by a 
first expansion signal. In the piezoelectric actuator 15. 
the voltage V2 is decreased to voltage V3 for time T3. 
and this state is maintained for time T4. 
[0246] Thus, the pressure generation chamber 1 1 
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is abruptly expanded, so that an ink droplet is dis- 
charged from the nozzle 12, and this state is main- 
tained. This agitate the ink meniscus as shown in Fig. 
10C. * 
[0247] This first expansion signal is followed by the s 
second contraction signal. In the piezoelectric actuator 
15, voltage V3 is increased to voltage V4 for time T5. 
[0248] This temporarily contracts the pressure gen- 
eration chamber 11 and as shown in Fig. 10D, the 
meniscus discharging an ink droplet is pushed in the io 
discharge direction. Thus, the ink droplet discharge 
speed is further increased. 

[0249] This second contraction signal is followed by 
the second expansion signal, so that in the piezoelectric 
actuator 15, voltage V4 is decreased to voltage V5 for is 
time T3. 

[0250] This abruptly expands the pressure genera- 
tion chamber 11 so as to pull back into the nozzle 12 an 
unnecessary portion of the ink from the ink droplet. As 
shown in Fig. 10E, the early break off of the ink column 20 
is promoted during discharge and a very small droplet is 
discharged. 

[0251] This second expansion signal is followed by 
a third contraction signal. In the piezoelectric actuator 
15, the voltage V5 state is maintained for time T7 and 25 
then increased to voltage V6 for time T8. 
[0252] Thus, as shown in Fig. 10F, the pressure 
generation chamber 1 1 suppresses the residual vibra- 
tion of the meniscus after ink discharge. The meniscus 
vibration is settled as shown in Fig. 10G, and the sys- 30 
tern returns to the state before starting a printing opera- 
tion. 

[0253] The aforementioned signal waveform consti- 
tutes one cycle, which is repeatedly driven, and the ink 
is discharged from the nozzle 12 to print a character or 35 
image on a sheet of paper. 

[0254] Here, the voltage V6 is set equal to the bias 
voltage V1 . That is, the system returns to a state before 
generation of the first expansion signal. Accordingly, the 
drive is repeated smoothly. 40 
[0255] As has been explained above, in the ink jet 
printer and the ink jet printing method according to the 
present embodiment, the control unit 20, before gener- 
ating the first expansion signal for discharging ink, gen- 
erates the first contraction signal so as to contract the 45 
pressure generation chamber 1 1 in such a manner that 
no ink is discharged and to maintain this state. 
[0256] Thus, even when performing a gradation 
printing, it is possible to discharge a wide range of size 
of ink droplets at a high speed with a low voltage and a so 
high repetition frequency. 

[0257] In general, for performing a gradation print- 
ing with a high repetition frequency, it is necessary to 
increase or decrease the voltage applied, depending on 
a large, intermediate, and small droplets. Accordingly, it ss 
is necessary to use a high drive voltage V1 and a high 
bias voltage as shown in Fig. 1 1 A. 
[0258] Such a high bias voltage and drive voltage 



V1 increase the load on the piezoelectric actuator 15, 
leading to a short service life and disadvantage in the 
drive circuit cost. 

[0259] According to the present embodiment, 
before ink discharge by the first expansion signal, the 
first contraction signal is generated to contract the pres- 
sure generation chamber in such a manner that no ink 
is discharged and this state is maintained. Accordingly, 
as shown in Fig. 11B, it is possible to obtain a large, 
intermediate, and small droplets with a lower drive volt- 
age V2 and a lower bias voltage than in the case of Fig. 
11 A. 

[0260] The reduction of the drive voltage and bias 
voltage reduces the load on the piezoelectric element 
and the drive circuit, and brings about advantage in 
costs. 

[0261] Moreover, when driving the present inven- 
tion without decreasing the bias voltage, it is possible to 
discharge a larger droplet than the aforementioned 
large droplet and a smaller droplet than the aforemen- 
tioned small droplet. This significantly improves the gra- 
dation width, enabling to obtain a more accurate 
printing. 

[0262] Furthermore, when performing a gradation 
printing with a low drive voltage, as shown in Fig. 12, it 
is considered to use a drive waveform constituted by a 
voltage lower than the bias voltage for all of the large, 
intermediate, and small droplets. 
[0263] In this case, if the discharge timing is identi- 
cal for the large, intermediate, and small droplets, as 
shown in Fig. 12, it is necessary to decrease the bias 
voltage to a reference voltage for discharging a large ink 
droplet. That is, a long time T1 is required before the 
discharge timing. On the contrary, when discharging the 
small droplet, it is necessary to increase voltage to the 
bias voltage after the discharge. That is, a long time T2 
is required after the discharge timing. 
[0264] Accordingly, time required for one cycle of 
ink discharge is the time T3 shown in Fig. 12, disabling 
to perform a high-speed printing. 
[0265] On the other hand, in the ink jet printer 
according to the present embodiment, the pressure 
generation chamber is contracted to a degree not dis- 
charging ink before ink discharge. Accordingly, one dis- 
charge cycle generating the first contraction signal can 
be set at T4 in Fig. 13, i.e., smaller than the case of Fig. 
12. 

[0266] This significantly improves the repetition 
drive frequency, enabling a high-speed printing. 
[0267] Thus, using the ink jet printer and the ink jet 
printing method according to the present embodiment, it 
is possible to drive the piezoelectric element in a shorter 
time than in the conventional printer and printing 
method. This enables to perform a wide gradation drive 
at a high speed. That is, it becomes possible to perform 
a high-speed, high-accuracy printing. Moreover, drive 
can be performed with a low bias voltage, which 
improves the service life of the piezoelectric element. 
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[Example 4] 

[0268] Using the ink jet printer according to the 
fourth embodiment of the present invention, we per- 
formed a discharge experiment by setting T1 = 50 
microseconds, T2 = 10 microseconds, T3 = 2 microsec- 
onds, T4 = 4 microseconds, T5 = 1 microsecond, T6 = 1 
microseconds, T7 = 2 microseconds, T8 = 2 microsec- 
onds; and V1 = V6 = 10V , V2 = 30V, V3 = 10V, V4 = 
20V, and V5 = OV. It has been assured that an ink drop- 
let having a diameter of 1 0 micrometers is discharged at 
a speed of 5 m/s with 5 KHz repetition frequency. 
[0269] If this is compared to Example 3. the same 
ink diameter, ink droplet speed, and repetition fre- 
quency can be obtained using a lower bias voltage: 1 0V 
in this example compared to 30V in Example 3. 
[0270] When considering from large to small drop- 
lets in gradation printing, the Example 4 shows that 
drive of a wide gradation width can be performed at a 
high speed, enabling a high-speed and highly-accurate 
printing. 

[0271] It should be noted that the ink jet printer and 
the ink jet printing method according to the present 
invention is not to be limited to the aforementioned 
embodiments, but can be modified in various ways 
within the scope of the present invention. 
[0272] For example, in the aforementioned fourth 
embodiment, the control unit 20 generates a first con- 
traction signal prior to the first expansion signal and the 
second expansion signal, but the second expansion sig- 
nal may also be omitted. 

[0273] As shown in Fig. 11, when discharging a 
large droplet or an intermediate droplet, i.e., when there 
is no need of discharging a small droplet, it is possible 
to omit the second expansion signal for early break up 
of the ink column and pulling back into the nozzle an 
unnecessary portion of the ink. 
[0274] Moreover, in the aforementioned second 
embodiment, as shown in Fig. 5, the second contraction 
signal is generated to temporarily contract the pressure 
generation chamber and then the second expansion is 
generated. However, it is also possible to insert a drive 
signal for maintaining the piezoelectric element, 
between the second contraction signal and the second 
expansion signal. 

[0275] Moreover, in the aforementioned embodi- 
ments, the piezoelectric actuator is a piezoelectric ele- 
ment utilizing the longitudinal oscillation and 
longitudinal effect. However, it is also possible to use a 
piezoelectric element utilizing the longitudinal oscillation 
and transversal effect. In this case, the drive signal 
applied to the piezoelectric element may use waveform 
signals identical to the aforementioned embodiments as 
they are or reversed or offset in the voltage direction, 
which can be applied to the ink jet printer. 
[0276] Moreover, the actuator for expanding and 
contracting the pressure generation chamber may be 
other than the piezoelectric element, if a vibrator can 
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expand and contract according to a drive signal, such as 
a magnetostrictive element. 

[0277] Furthermore, in the aforementioned embod- 
? iments, if a state when no voltage signal is applied is 

5* referred to as a stationary state, the pressure genera- 
tion chamber is expanded and contracted for ink dis- 
charge in a region where the volume of the pressure 
generation chamber is reduced in comparison to the 
stationary state. However, it is also possible to expand 

io and contract the pressure generation chamber for ink 
discharge, by using a region to increase the volume of 
the pressure generation chamber than the stationary 
state. 

[0278] As has been described above, in the ink jet 
is printer according to the present invention, the pressure 
generation chamber is expanded in a stepped manner, 
enabling to discharge a very small ink droplet at a high 
speed, thus improving the image quality. Moreover, the 
pressure generation chamber is contracted before ink 
20 discharge, so that a wide range of ink droplet size can 
be discharged for gradation printing with a high accu- 
racy, and the electromechanical converter such as a 
piezoelectric element can have a longer service life. 
[0279] Thus, the present invention enables to 
25 obtain an ink droplet smaller than the nozzle diameter 
discharged at a high speed and that with a high repeti- 
tion frequency. This significantly improves printing qual- 
ity. 

[0280] The invention may be embodied in other 
30 specific forms without departing from the spirit or essen- 
tial characteristic thereof. The present embodiments are 
therefore to be considered in all respects as illustrative 
and not restrictive, the scope of the invention being indi- 
cated by the appended claims rather than by the forego- 
35 ing description and all changes which come within the 
meaning and range of equivalency of the claims are 
therefore intended to be embraced therein. 
[0281] The entire disclosure of Japanese Patent 
Application No. A1 0-334771 (Filed on November 25 th , 
40 1998) including specification, claims, drawings and 
summary are incorporated herein by reference in its 
entirety. 

Claims 

45 

1 . An ink let printer comprising: a nozzle for discharg- 
ing ink; a pressure generation chamber communi- 
cating with the nozzle; a common ink tank for 
supplying ink to the pressure generation chamb r; 

so an electro-mechanic converter connected to at 
least one wall of the pressure generation chamber; 
and a control unit for applying a drive voltage signal 
to the electro-mechanic converter; the electro- 
mechanic converter being deformed by a drive volt- 

55 age signal from the control unit so as to expand or 
contract the pressure generation chamber to dis- 
charge ink from the nozzle, and 

wherein the control unit generates: 
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a first expansion signal which deforms the elec- 
tro-mechanic converter so as to expand the 
pressure generation chamber and maintain the 
expanded state for a predetermined period of * 
time, so that ink is discharged from the nozzle; * 5 
and 

a second expansion signal, following the first 
expansion signal, which deforms the electro- 
mechanic converter so as to further expand the 
pressure generation chamber, so that an ink 10 
column discharged from the nozzle is broken 
off at an early stage and an unnecessary por- 
tion of the ink is pulled back into the nozzle. 4. 

An ink jet printer comprising: a nozzle for discharg- 15 
ing ink; a pressure generation chamber communi- 
cating with the nozzle; a common ink tank for 
supplying ink to the pressure generation chamber; 
an electro-mechanic converter connected to at 
least one wall of the pressure generation chamber; 20 
and a control unit for applying a drive voltage signal 
to the electro-mechanic converter; the electro- 5. 
mechanic converter being deformed by a drive volt- 
age signal from the control unit, so as to expand or 
contract the pressure generation chamber to dis- 25 
charge ink from the nozzle, and 

wherein the control unit generates: 

a first contraction signal to deform the electro- 
mechanic converter so as to contract the pres- 30 6. 
sure generation chamber without discharging 
ink from the nozzle; and 
a first expansion signal to deform the electro- 
mechanic converter so as to expand the pres- 
sure generation chamber and maintain the 35 
expanded state for a predetermined period of 
time, so that ink is discharged from the nozzle. 

An inkjet printer comprising: a nozzle for discharg- 
ing ink; a pressure generation chamber communi- 40 
eating with the nozzle; a common ink tank for 
supplying ink to the pressure generation chamber; 
an electro-mechanic converter connected to at 
least one wall of the pressure generation chamber; 
and a control unit for applying a drive voltage signal 45 
to the electro-mechanic converter; the electro- 
mechanic converter being deformed by a drive volt- 
age signal from the control unit, so as to expand or 
contract the pressure generation chamber to dis- 
charge ink from the nozzle, and so 
wherein the control unit generates: 

a first contraction signal to deform the electro- 
mechanic converter so as to contract the pres- 
sure generation chamber without discharging 55 
ink from the nozzle; 

a first expansion signal to deform the electro- 
mechanic converter so as to expand the pres- 



sure generation chamber and maintain the 
expanded state for a predetermined period of 
time, so that ink is discharged from the nozzle; 
and 

a second expansion signal, following the first 
expansion signal, so as to deform the electro- 
mechanic converter to further expand the pres- 
sure generation chamber, so that an ink col- 
umn discharged from the nozzle is broken off at 
an early stage and an unnecessary portion of 
the ink is pulled back into the nozzle. 

An inkjet printer as claimed in one of Claims 1 or 3, 
wherein the control unit generates a second con- 
traction signal between the first expansion signal 
and the second expansion signal, so as to deform 
the electro-mechanic converter to temporarily con- 
tract the pressure generation chamber, thus 
increasing speed of the ink droplet discharge from 
the nozzle. 

An ink jet printer as claimed in one of Claims 1 , 3 or 
4, wherein the control unit generates a third con- 
traction signal following the second expansion sig- 
nal, so as to deform the electro-mechanic converter 
to contract the pressure generation chamber, so 
that residual vibration of the ink meniscus in the 
nozzle is suppressed. 

An ink jet printing method using an ink jet printer 
comprising a nozzle for discharging ink; a pressure 
generation chamber communicating with the noz- 
zle; a common ink tank for supplying ink to the pres- 
sure generation chamber; an electro-mechanic 
converter connected to at least one wall of the pres- 
sure generation chamber; and a control unit for 
applying a drive voltage signal to the electro- 
mechanic converter; the electro-mechanic con- 
verter being deformed by a drive voltage signal 
from the control unit, so as to expand or contract 
the pressure generation chamber, so that ink is dis- 
charged from the nozzle, 

the method comprising: 

a first expansion step in which the electro- 
mechanic converter is deformed by a signal 
from the control unit to expand the pressure 
generation chamber and maintain the 
expanded state for a predetermined period of 
time, so that ink is discharged from the nozzle, 
and 

a second expansion step following the first 
expansion step, wherein the electro-mechanic 
converter is deformed by a signal from the con- 
trol unit to further expand the pressure genera- 
tion chamber, so as to break off an ink column 
to be discharged from the nozzle at an early 
stage and pull an unnecessary portion of ink 
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back into the nozzle. 

An ink jet printing method using an ink jet printer 
comprising a nozzle for discharging ink; a pressure * 
generation chamber communicating with the noz- s* 
zle; a common ink tank for supplying ink to the pres- 
sure generation chamber; an electro-mechanic 
converter connected to at least one wall of the pres- 
sure generation chamber; and a control unit for 9 
applying a drive voltage signal to the electro- io 
mechanic converter; the electro-mechanic con- 
verter being deformed by a drive voltage signal 
from the control unit, so as to expand or contract 
the pressure generation chamber, so that ink is dis- 
charged from the nozzle, 15 

the method comprising: 

a first contraction step in which the electro- 1 
mechanic converter is deformed by a signal 
from the control unit to contract the pressure 20 
generation chamber without discharging any 
ink from the nozzle, and 
a first expansion step following the first contrac- 
tion step, wherein the electro-mechanic con- 
verter is deformed by a signal from the control 25 
unit to expand the pressure generation cham- 
ber and maintain the expanded state for a pre- 
determined period of time, so as to discharge 
ink from the nozzle. 

30 

An ink jet printing method using an ink jet printer 
comprising a nozzle for discharging ink; a pressure 
generation chamber communicating with the noz- 
zle; a common ink tank for supplying ink to the pres- 
sure generation chamber; an electro-mechanic 35 
converter connected to at least one wall of the pres- 
sure generation chamber; and a control unit for 
applying a drive voltage signal to the electro- 
mechanic converter; the electro-mechanic con- 
verter being deformed by a drive voltage signal 40 
from the control unit, so as to expand or contract 
the pressure generation chamber, so that ink is dis- 
charged from the nozzle, 

the method comprising: 45 
a first contraction step in which the electro- 
mechanic converter is deformed by a signal 
from the control unit to contract the pressure 
generation chamber without discharging any 
ink from the nozzle, so 
a first expansion step following the first contrac- 
tion step, wherein the electro-mechanic con- 
verter is deformed by a signal from the control 
unit to expand the pressure generation cham- 
ber and maintain the expanded state for a pre- ss 
determined period of time, so as to discharge 
ink from the nozzle, and 
a second expansion step following the first 



expansion step, wherein the electro-mechanic 
converter is deformed by a signal from the con- 
trol unit to further expand the pressure genera- 
tion chamber, so as to break off the ink column 
to be discharged from the nozzle at an early 
stage and pull an unnecessary portion of the 
ink back into the nozzle. 

An ink jet printing method as claimed in one of 
Claims 6 or 8, the method further comprising a sec- 
ond contraction step between the first expansion 
step and the second expansion step, wherein the 
electro-mechanic converter is deformed to tempo- 
rarily contract the pressure generation chamber so 
as to increase speed of an ink droplet to be dis- 
charged from the nozzle. 

I. An ink jet printing method as claimed in one of 
Claims 6, 8 or 9, the method further comprising a 
third contraction step following the second expan- 
sion step, wherein the electro-mechanic converter 
is deformed by a signal from the control unit to con- 
tract the pressure generation chamber so as to sup- 
press residual vibration of the ink meniscus in the 
nozzle. 
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